Wolf SE, Minei JP. Specific inhibition of mitochondrial oxidative stress suppresses inflammation and improves cardiac function in a rat pneumonia-related sepsis model. Using a mitochondria-targeted vitamin E (Mito-Vit-E) in a rat pneumonia-related sepsis model, we examined the role of mitochondrial reactive oxygen species in sepsismediated myocardial inflammation and subsequent cardiac contractile dysfunction. Sepsis was produced in adult male Sprague-Dawley rats via intratracheal injection of S. pneumonia (4 ϫ 10 6 colony formation units per rat). A single dose of Mito-Vit-E, vitamin E, or control vehicle, at 21.5 mol/kg, was administered 30 min postinoculation. Blood was collected, and heart tissue was harvested at various time points. Mito-Vit-E in vivo distribution was confirmed by mass spectrometry. In cardiac mitochondria, Mito-Vit-E improved total antioxidant capacity and suppressed H 2O2 generation, whereas vitamin E offered little effect. In cytosol, both antioxidants decreased H 2O2 levels, but only vitamin E strengthened antioxidant capacity. Mito-Vit-E protected mitochondrial structure and function in the heart during sepsis, demonstrated by reduction in lipid and protein oxidation, preservation of mitochondrial membrane integrity, and recovery of respiratory function. While both Mito-Vit-E and vitamin E suppressed sepsis-induced peripheral and myocardial production of proinflammatory cytokines (tumor necrosis factor-␣, interleukin-1␤, and interleukin-6), Mito-Vit-E exhibited significantly higher efficacy (P Ͻ 0.05). Stronger anti-inflammatory action of Mito-Vit-E was further shown by its near-complete inhibition of sepsis-induced myeloperoxidase accumulation in myocardium, suggesting its effect on neutrophil infiltration. Echocardiography analysis indicated that Mito-Vit-E ameliorated cardiac contractility of sepsis animals, shown by improved fractional shortening and ejection fraction. Together, our data suggest that targeted scavenging of mitochondrial reactive oxygen species protects mitochondrial function, attenuates tissue-level inflammation, and improves whole organ activities in the heart during sepsis. mitochondria-targeted antioxidants; mitochondrial damage; myocardial inflammation; heart failure
SEVERE SEPSIS, ASSOCIATED with staggering inflammatory responses and multiorgan failure, is a leading cause of death in intensive care units (7) . Despite improvements in antibiotic therapies and critical care techniques (41) , there are still ϳ215,000 Americans dying from sepsis each year (53) . In addition to the lives lost, the monetary cost of care for septic patients exceeds $16 billion annually (53) . Exploration of innovative and effective treatments for this threatening disease is a dire necessity.
Among many intracellular players that contribute to the pathogenesis of sepsis, oxidative stress is well recognized as a major promoter (5, 59) . Accordingly, antioxidants are expected to attenuate inflammation and improve survival following sepsis. However, although this expectation has been met in animal sepsis models (43, 60) , clinical trials of antioxidant therapies have led to inconsistent results (6, 11, 28) . One limitation of the conventional antioxidants is that they are globally acting agents, and insufficient dosage and/or lower efficacy are possible reasons for the failures (44) . Because mitochondria are the main organelles that produce reactive oxygen species (ROS), more effective therapeutic benefits may be achieved by concentrating antioxidant activities specifically in mitochondria. Recently, strategies for mitochondria-targeted delivery of antioxidants have been developed (2, 4, 22, 70) . One such approach covalently links biomolecules to lipophilic triphenylphosphonium cation (TPP ϩ ). Due to a positive charge, the molecules are driven by the mitochondrial membrane potential to accumulate solely in mitochondria (19, 51, 68) . Another group of targeted antioxidants, Szeto-Schiller peptides, are small, positively charged peptides that accumulate in mitochondria independent of membrane potential (70, 71) . These novel mitochondria-targeted antioxidants (MTAs) have demonstrated their higher capability in various experimental settings to fight oxidative stress and to protect mitochondrial function (23, 24, 36, 46) . Currently, these reagents have not yet been used in humans. Nonetheless, mitochondrialtargeted ubiquinone (MitoQ) in clinical tests has showed its benefit in treating liver inflammation (30) . A phase IIb human trial has been initiated in the UK to assess the efficacy of MitoQ in nonalcoholic fatty liver disease (http://www.antipodeanpharma. com). To date, the therapeutic potential of MTAs is under intense investigation using preclinical models of mitochondrial abnormality-associated diseases, such as neurodegenerative diseases (31, 47) , cardiac dysfunction (16) , cardiac ischemiareperfusion injury (2) , hypertension (25) , diabetes (15) , and sepsis (45, 69) . Current investigations evaluated MitoQ in sepsis animal models, and available data suggested its therapeutic benefits in improving cardiac function in endotoxininduced sepsis (69) and in preventing liver damage in lipopolysaccharide-induced sepsis (45) . Further study of other MTA effects using different sepsis models will promote translating the application of these novel antioxidants into significantly improved clinical outcomes.
Cardiac dysfunction is an important component of multiorgan failure induced by severe sepsis (20, 61, 83) . Sepsis patients with cardiac dysfunction have significantly higher mortality compared with patients without this condition (70 vs. 20%) (12, 55) . The underlying mechanisms of this condition are not fully understood. Current studies suggest that multiple aspects of mitochondrial dysfunction, such as impaired metabolism, altered energy generation, and elevated production of ROS, contribute to sepsis-associated myocardial injury (14, 42, 77) . Previously, our laboratory has developed a pneumoniarelated sepsis model in rats (32) . In this model, rats were infected with S. pneumonia, and sepsis symptoms were confirmed by positive blood cultures, pulmonary inflammation, lactic acidosis, and a fall in mean arterial blood pressure 24 h postinfection (66, 72, 75, 78) . Using this model, we demonstrated that sepsis impaired cardiac mitochondria, causing compromised membrane integrity, increased oxidative stress and decreased antioxidant defense (80) . Interestingly, time course study revealed that mitochondria impairment occurred before expression of inflammatory responses in the heart, suggesting that the alterations in mitochondria might lead to induction of myocardial inflammation during sepsis. We hypothesized that protecting mitochondria by MTAs will alleviate myocardial inflammation and rescue heart function in sepsis. In this report, by evaluating mitochondrial-targeted vitamin E (Mito-Vit-E) in this rat sepsis model, we directly examined the role of mitochondrial ROS (mtROS) in sepsismediated cardiac mitochondrial damage, inflammation, and heart dysfunction.
MATERIALS AND METHODS

Experimental Animals
Adult Sprague-Dawley male rats (325-360 g, Harlan Laboratories, Houston, TX) were allowed 5-10 days to acclimate to surroundings after arrival. Related animal protocol and pathogen safety plan were approved by Institutional Animal Care and Use Committee and the department of Environmental Health and Safety at the University of Texas Southwestern Medical Center. All work described was performed according to the current guidelines for caring animals and handling biohazard agents.
Synthesis and Quantification of Mito-Vit-E
Mito-Vit-E was synthesized by covalently linking TPP cation to vitamin E derivative ␣-tocopherol, according to a published protocol (68) . In vivo tissue distribution of this compound was examined via mass spectrometry. For this purpose, 100 l of serum or tissue homogenate were mixed with 200 l of dichloromethane, vortexed and spun for 2 min at 1,200 g. The lower organic layer was transferred to a fresh tube, and the process repeated twice more. The pooled organic layer was spun 2 min at 1,200 g and transferred to a fresh tube, avoiding any of the tissue homogenate. This organic layer was lyophilized and resuspended in 200 l of 50:50 methanol/H 2O, containing 50 ng/ml of an internal standard, N-benzylbenzamide, and run on an Applied Biosystems 3200 QTRAP coupled to a Shimadzu Prominence LC (liquid chromatography-tandem mass spectrometry). Standard curves were prepared using blank tissue homogenate or serum spiked with varying concentrations of Mito-Vit-E dissolved in DMSO. Transitions monitored were 212.1 to 91.1 for the internal standard and 495.2 to 331.2 for Mito-Vit-E. Chromatography conditions were as follows: buffer A, dH 2O ϩ 0.1% formic acid; buffer B, methanol ϩ 0.1% formic acid; 0 -2 min 100% buffer A, 2-to 5-min transition to 100% buffer B, 5-7 min 100% buffer B; 7.0-to 7.2-min transition to 100% buffer A; and 7.2-9.2 min 100% buffer A (Column: Synergi Fusion RP; 4-m packing, 75 ϫ 2.0 mm size).
Sepsis Protocol
Sepsis was induced by intratracheal injection of S. pneumonia [4 ϫ 10 6 colony-forming units (CFU)/rat] (type 3, ATCC 6303). In the case that animals were treated, 21.5 mol/kg Mito-Vit-E, vitamin E, or vehicle was delivered by oral gavage 30 min after inoculation.
Preparation of inoculums. Streptococcus pneumoniae type 3 (ATCC, Rockville, MD) were reconstituted and injected into the lungs of a rat to increase their virulence. Lung lavage liquid was plated and purified, and aliquots were prepared and stored at Ϫ80°C until use. Before each experiment, individual aliquots were thawed and amplified on trypticase soy blood agar plates overnight at 37°C. Bacteria were collected with sterile endotoxin-free phosphate-buffered saline (PBS). The broth was centrifuged, and the resultant pellet was washed twice with PBS to remove any impurities adherent to the bacteria. The bacteria were then resuspended in PBS, agitated, and drawn up into sterile tuberculin syringes in aliquots. Bacterial CFU were determined by plating 100 l of the bacterial suspension onto blood agar plates in serial dilutions and incubating the plates overnight at 37°C. The number of viable bacteria inoculated into each animal was 4 ϫ 10 6 CFU.
Induction of aspiration pneumonia. Rats were anesthetized with isoflurane and placed in a supine position. The area over the trachea was prepared with 10% povidine-iodine solution. A midline cervical incision was made, and the trachea was identified and isolated via blunt dissection. A 0.4-ml aliquot of either sterile endotoxin-free PBS or bacterial suspension (4 ϫ 10 6 CFU) was injected directly into the trachea. After the wound was closed with surgical staples, the animals were placed on a 30°incline to ensure accumulation of the injected fluid into the lungs. All rats were given 10 ml of lactated Ringer solution intraperitoneally while anesthetized to ensure hydration. All animals given intratracheal S. pneumoniae challenge had blood samples and hearts collected for assays at different time points after challenge. Studies have shown that the surgical procedure alone (injection of PBS and no bacteria) produces no ill effects.
Preparation of Serum, Tissue Lysates, and Cellular Fractions
When animals were killed, blood was collected using Vacutainer rapid serum tubes (BD Diagnostics, Franklin Lakes, NJ) followed by immediate centrifugation at 3,000 g for 15 min at 4°C to isolate serum. The serum preparations were then allocated and stored at Ϫ80°C until analyzed. Tissues were harvested, washed in PBS, snap clamp frozen, and kept at Ϫ80°C. Tissue lysates were prepared using tissue protein extraction reagent (Thermo Fisher Scientific, Rockford, IL), whereas mitochondrial and cytosolic fractions were separated by differential centrifugation using the mitochondria isolation kit for tissue (Sigma-Aldrich, St. Louis, MO), according to manufacture protocols. Protein concentrations were quantified using Bio-Rad DC RC protein assay kit (BioRad, Hercules, CA).
Measurement of Total Antioxidant Defense
Total antioxidant capacities were measured using total antioxidant assay kit (Cayman Chemical, Ann Arbor, MI). According to manufacture protocol, subcellular fractions were adjusted to 1 mg/ml, and 10 g of each sample were measured for its inhibition of 2,2=-azinodi-(3-ethylbenzthiazoline sulphonate) oxidation by metmyoglobin/ H 2O2; end products were measured by absorbance at 405 nm. Antioxidant capacities were calculated according to a standard curve.
Measurements of Mitochondrial/Cytosolic H2O2 by Amplex Red Assays
Mitochondrial H2O2 release was determined according to previous publications (17, 26, 50) . Briefly, 40-g fresh mitochondrial preparations were set to react with 5 M Amplex Red and 0.1 U/ml horseradish peroxidase (HRP) (Invitrogen, Grand Island, NY) in 200-l reaction buffer (in mM: 125 KCl, 10 MOPS, 2 MgSO 4, 2 KH2PO4, 10 NaCl, 1 EGTA, 0.7 CaCl2, pH 7.2). Superoxide dismu-tase (Sigma-Aldrich, St. Louis, MO) was added at 50 U/ml to convert all superoxide into H 2O2. Mitochondrial respiration substrates (2 mM malate ϩ 20 mM glutamate or 5 mM succinate) were added to start the reaction. During 30-min incubation in the dark at 37°C, HRP catalyzed H 2O2-dependent oxidation of Amplex Red. The end product Resorufin Red was measured by fluorescent reading at excitation/ emission ϭ 570/620 (PHERAstar, BMG LABTECH, Cary, NC). Similarly, cytosolic H 2O2 levels were measured according to a published method (10) with minor changes. Cytosolic fraction (100 g) was added to 50 M Amplex Red, 0.1 U/ml HRP, and 50 U/ml superoxide dismutase in a total of 100 l reaction (in 50 mM NaH 2PO4, pH 7.4). Fluorescent reading was obtained following 15min incubation in the dark at 37°C. All measurements were performed in at least duplicate. H2O2 concentrations in micromoles were calculated according to individual standard curves in these assays.
Protein Oxidation
Protein oxidative modifications were detected by depriving carbonyl groups to 2,4-dinitrophenylhydrazone (DNP-hydrozone), followed by Western blot using a DNP-specific antibody (80) . Using OxyBlot protein oxidation detection assay (Chemicon, Temecula, CA), 20 g protein of each sample were applied to a derivatization reaction and loaded on 4 -15% SDS-PAGE gel (BioRad, Hercules, CA), followed by Western blot using an anti-DNP antibody. Results were quantified by densitometry.
Lipid Peroxidation
Levels of malondialdehyde (MDA) were measured using a lipid peroxidation assay kit (Enzo Life Sciences, Plymouth Meeting, PA). Briefly, all mitochondrial extracts were preadjusted to 1-1.5 mg/ml in a resuspension buffer containing 5 mM butylated hydroxyl toluene. For each reaction, 200-l sample was added to 650 l chromogenic reagent and 150 l 12 N HCl. After incubation at 45°C for 60 min, the sample was cooled at 4°C and centrifuged at 10,000 g for 5 min. The supernatant was collected, and absorbance at 586 nm was recorded. MDA concentration was calculated using a standard curve. All measurements were performed in triplicate, and values were normalized by amount of protein per reaction.
Mitochondrial Outer Membrane Damage
As previously described (81) , mitochondrial outer membrane integrity was evaluated by the measurement of cytochrome-c oxidase (COX) activity in mitochondrial fractions in the presence and absence of detergent n-dodecyl ␤-D-maltoside. According to the manufacturer's protocol (Sigma-Aldrich, St. Louis, MO), 20 g freshly isolated mitochondrial fraction were used for each reaction. COX activity was measured by its oxidation of substrate ferrocytochrome c. Mitochondrial outer membrane damage was assessed from the ratio between the activity with and without n-dodecyl ␤-D-maltoside present (1 mM) under each experimental condition (79) . All measurements were performed in triplicate.
Mitochondrial Respiration
Activities of mitochondrial oxidative phosphorylation (OXPHOS) complex IV were measured using an enzyme assay kit (Mitosciences, Eugene, OR). According to manufacturer protocol, mitochondrial pellets were solubilized, and 25 g mitochondrial protein were used per reaction. Complex IV activities were measured spectrophotometrically following the oxidation of reduced cytochrome c as an absorbance decrease at 550 nm. Results were expressed as changes of absorbance per minute per milligram protein.
Cytokine Levels
The concentrations of tumor necrosis factor-␣, interleukin (IL)-1␤, and IL-6 in serum and in heart tissue lysates were examined using enzyme-linked immunosorbent assay kits (Biosource, Camarillo, CA). Results in the tissue lysates were normalized by protein amount, and the results in serum were normalized by volume. All measurements were performed in triplicate.
Myeloperoxidase Activities
Myeloperoxidase (MPO) activities in heart lysates were measured according to published methods (54, 64) with minor modifications. Each MPO assay reaction contained 10-to 50-g tissue lysate with 2 mM 3,3=,5,5=-tetramethylbenzidine (Sigma-Aldrich, St. Louis, MO) and 0.0003% (vol/vol) H 2O2 in phosphate buffer (pH 5.5) at a final volume of 500 l. After 3-min incubation at room temperature, the reaction was terminated by the addition of 500 l cold 2 M acetic acid. Optical density was determined at 650 nm. The number of MPO unit per reaction was calculated according to a standard curve prepared using purified MPO (Sigma-Aldrich, St. Louis, MO). All measurements were performed in triplicate, and values were normalized by amount of protein per reaction.
Immunohistochemistry
Fresh heart tissues were embedded in cryoprotective OCT media, snap-frozen, and stored at Ϫ80°C until used. Samples were sectioned at 7 m, mounted on slides, and fixed with 4% paraformaldehyde for 20 min at room temperature. After blockage with 10% mouse serum and 10% goat serum in PBS, these slides were costained with propidium iodide (Invitrogen, Grand Island, NY) and FITC-conjugated mouse anti-MPO (Hycult Biotech, Plymouth Meeting, PA) or FITC-conjugated goat anti-mouse IgG (Invitrogen)for 1 h at room temperature. To reduce autofluorescence, the slides were treated with 0.1% Sudan black B for 30 min. Individual coverslips were mounted on slides with Fluoromount-G slide mounting medium (Electron Microscopy Sciences, Hatfield, PA) to reduce fluorochrome quenching. The slides were then analyzed under an inverted fluorescent microscope (Nikon Eclipse TE2000-U) at ϫ40 magnification. (All other chemicals were from Sigma-Aldrich, St. Louis, MO).
Echocardiography
Noninvasive transthoracic echocardiograms were performed in conscious unsedated rats in a random and blind manner to assess systolic function using HP agilent Sonos 5500 Ultrasound Machine equipped with a 15-MHz linear array transducer (Conquest Imaging, Stockton, CA). For each animal, M-mode images were obtained at baseline and at specific time periods after inoculation. Left ventricular end-diastolic diameter (EDD) and left ventricular end-systolic diameter (ESD) were measured. End-diastolic volume (EDV) and endsystolic volume (ESV) were calculated according to Teichholz's formula. Fractional shortening (FS) and ejection fraction (EF) were calculated according to formulas, FS% ϭ (EDD Ϫ ESD)/EDD ϫ 100% and EF% ϭ (EDV Ϫ ESV)/EDV ϫ 100%. All results were obtained at stable heart rates (HRs), and measurements were averaged over five consecutive cardiac cycles.
Western Blots
Protein samples were subjected to SDS-PAGE gels and then transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% nonfat milk-PBS at room temperature for 1 h and subsequently probed with primary antibodies [anti-cytochrome c, anti-glyceraldehyde-3-phosphate dehydrogenase, and anti-DNP were from Millipore, Denvers, MA; anti-adenine nucleotide translocase (ANT) was from Santa Cruz Biotechnology, Santa Cruz, CA; Mito-Profile total OXPHOS antibody cocktail was from Mitosciences, Eugene, OR]. The membranes were then rinsed and incubated with corresponding horseradish peroxidase conjugated secondary antibodies. Antibody dilutions and incubation time were according to manufacturer's instructions. Signals were detected by using Super-SignalWest Pico Chemiluminescent Substrate (Thermo Scientific, Asheville, NC).
Statistical Analysis
All data are expressed as means Ϯ SE of at least three independent experiments using four to eight animals/group. Student's t-tests were used to assess the difference between the sham and sepsis groups and the groups with or without drug treatment. Probability values Ͻ 0.05 were considered statistically significant (analyses were performed using SPSS for Windows, version 7.5.1).
RESULTS
Mito-Vit-E Synthesis And In Vivo Distribution
We synthesized Mito-Vit-E to Ͼ90% purity, according to published method (68) . Mito-Vit-E was given orally to rats at a single 21.5 mol/kg dose. No gross toxic effects were observed, as determined by appearance and physical activities. To confirm its in vivo distribution 24 h postadministration (day 1), Mito-Vit-E levels in the blood serum and in the tissue lysates of heart and liver were measured by mass spectrometry. Heart and liver were chosen for this experiment because both organs are high in mitochondria content. As expected, significant accumulation of Mito-Vit-E was detected in the heart and liver, but not in the serum, indicating that this compound was preferentially loaded to organs instead of circulating in the blood (Fig. 1B) . We also monitored Mito-Vit-E concentrations in the heart on days 1, 2, and 3 postadministration. Once delivered, heart level of Mito-Vit-E was maintained during the first 48 h (days 1-2) and started declining at day 3 (Fig. 1C) . These data are consistent with reported in vivo distribution of this group of MTAs (2, 18, 68) .
Mito-Vit-E Protected Cardiac Mitochondria During Sepsis
Mitochondrial antioxidant defense. We first compared the differences between Mito-Vit-E and untargeted vitamin E on mitochondria-specific antioxidant activity in the heart 24 h after sepsis by measuring total antioxidant capacities and levels of H 2 O 2 , the most stable form of ROS. As shown in Fig. 2A , sepsis decreased antioxidant capacity to nearly 50% in mitochondria and to 75% in cytosol. Mito-Vit-E significantly improved antioxidant capacity in mitochondria, whereas vitamin E provided more protection in the cytosol. Mitochondrial H 2 O 2 production was quantified by a standard Amplex Red assay (17, 26, 50) . As expected, sepsis triggered H 2 O 2 overproduction in mitochondria: an ϳ35% increase in the presence of respiration substrates malate plus glutamate and an ϳ15% increase in the presence of succinate (Fig. 2B) . Mito-Vit-E treatment suppressed mitochondrial H 2 O 2 to levels no higher than shams. However, vitamin E had little effect on mitochondrial H 2 O 2 . H 2 O 2 levels in cytosolic fractions were compared in parallel (Fig. 2C) . Mito-Vit-E and vitamin E provided comparable inhibitory effects on sepsis-induced intracellular H 2 O 2 . It was shown that part of the intracellular H 2 O 2 molecules were generated from superoxide anion released from mitochondria (34) . Our data suggest that mitochondria are the main source of intracellular H 2 O 2 in myocardium during sepsis. This finding is consistent with our recent observation of Mito-Vit-E effect on ROS production in endothelial cells (76) .
Next, we confirmed that administration of either Mito-Vit-E or vitamin E did not affect the purity of mitochondrial prepa-rations. As shown in Fig. 2D , hearts were harvested from rats given Mito-Vit-E, vitamin E, or vehicle and subjected to subcellular fractionation. Separation of mitochondria from cytosol was complete, indicated by Western blot using antibodies against mitochondrial marker ANT and cytosolic marker glyceraldehyde-3-phosphate dehydrogenase. Furthermore, neither Mito-Vit-E nor vitamin E caused changes in levels of certain key components of mitochondrial respiratory complex proteins in all mitochondria preparations.
Oxidation of mitochondrial molecules. We examined whether Mito-Vit-E inhibited or alleviated mitochondrial oxidative injury in the heart after sepsis, which were determined by levels of lipid and protein oxidation. As shown in Fig. 3A , MDA content, a marker of lipid peroxidation, was measured at ϳ50 nmol/mg of mitochondrial protein in the sham group. Sepsis resulted in a significant rise of MDA levels to ϳ80 -100 nmol/mg of mitochondrial protein. Remarkably, in response to the treatment of Mito-Vit-E, mitochondrial MDA content in the septic animals was reduced to the levels not different than sham controls. Mitochondrial protein oxidation was detected in parallel. It is known that oxidative modifications to proteins introduce carbonyl groups into protein side chains. Detection of protein oxidation can be achieved by depriving those car- bonyl groups to form DNP-hydrozone, which is then detected by a specific antibody against DNP (21, 80) . As shown in Fig.  3B , protein oxidation in cardiac mitochondria was induced in response to sepsis. Densitometry analysis showed that the level of total mitochondrial protein oxidation steadily increased during sepsis and eventually increased by fivefold with severe sepsis, day 4 after inoculation. However, this difference was not detectable in animals given Mito-Vit-E. As a control, expression of mitochondrial marker protein ANT was not changed in any sample. These results indicate that treating septic rats with Mito-Vit-E alleviates sepsis-mediated oxidative modification on mitochondrial molecules in the heart.
Mitochondrial membrane integrity. We analyzed whether Mito-Vit-E protected mitochondrial structure in the heart after sepsis. Mitochondria membrane integrity was determined using the following two parameters: cytochrome c in cytosol and the percent changes of mitochondrial outer membrane damage. Leaking of mitochondrial protein cytochrome c to the cytosolic compartment has been used as a well-recognized measurement of impaired mitochondrial membrane (3, 33, 63) . We compared cytosol levels of cytochrome c in the heart of sham and septic rats treated with either Mito-Vit-E or vehicle. As the Western blot analysis shown in Fig. 4A , cytosolic cytochrome c increased twofold in early sepsis (day 1) and further elevated over threefold in severe sepsis (day 4). In response to Mito-Vit-E treatment, cytosolic cytochrome c levels in sepsis groups were comparable with those of shams, suggesting that Mito-Vit-E prevented mitochondrial cytochrome c leakage. As a control, total expression of cytochrome c in the heart was not altered in all groups.
In these experimental groups, mitochondrial outer membrane integrity was assessed by the measurement of COX activity in mitochondrial fractions in the presence and absence of detergent n-dodecyl ␤-D-maltoside. This detergent is one of the few that allows COX dimerization in solution at low detergent concentrations (52) . Because mitochondrial membrane is a barrier for cytochrome c entering into the organelle, the ratio between the activity with and without the present of n-dodecyl ␤-D-maltoside is a relative measurement of mitochondrial outer membrane integrity (79) . As shown in Fig. 4B , in vehicle-treated animals, cardiac mitochondrial outer membrane damage reached 40% in early sepsis (day 1) and increased to over 60% in severe sepsis (day 4). However, this difference was no longer detectable in response to Mito-Vit-E treatment, indicating that Mito-Vit-E protected mitochondrial membrane integrity in the heart during sepsis.
Mitochondrial respiratory function. We further examined whether Mito-Vit-E protected mitochondrial function in the heart after sepsis. Using heart tissues harvested at different time points from early to severe sepsis, mitochondrial respiratory complex IV (COX) activities were measured in the mitochondrial preparations. As shown in Fig. 5 , sepsis caused a significant ϳ30% loss of complex IV activity, which was, however, rescued by treatment with Mito-Vit-E.
Mito-Vit-E Effectively Suppressed Sepsis-induced Inflammation
Systemic and myocardial proinflammatory cytokines. To determine whether preventing mitochondrial oxidative stress inhibits sepsis-mediated inflammation, we compared the effects of Mito-Vit-E with vitamin E on systemic and myocardial levels of proinflammatory cytokines in septic animals. Rats were inoculated with S. pneumoniae or given PBS sham control, followed by oral delivery of Mito-Vit-E, vitamin E, or vehicle 30 min after inoculation (day 0). Tumor necrosis factor-␣, IL-1␤, and IL-6 were measured in serum and in heart tissue lysates prepared from sham and septic rats at indicated time points. Our data showed that these cytokines progres-sively increased systemically (in the serum, Fig. 6A ) and locally (in the heart, Fig. 6B ) from early to severe sepsis. At the same dose, Mito-Vit-E was a stronger inhibitor of these cytokines than untargeted vitamin E. The difference between these two antioxidants was statistically significant.
Neutrophil accumulation in the heart. Tissue level MPO activity has been used as a standard quantitative method to evaluate the extent of neutrophil accumulation in organs (9) . In the heart tissue lysates, we detected an over 80% increase of MPO content in severe septic rats (day 4 postinoculation), compared with sham controls (Fig. 7A ). At the same dose, Mito-Vit-E more efficiently decreased sepsis-induced MPO levels in myocardium than regular vitamin E.
To further confirm the above observation, we performed immunohistochemistry analysis of the hearts harvested from sham and day 4 postinoculation rats given Mito-Vit-E, vitamin E, or vehicle. Costaining heart tissue sections with a FITCconjugated MPO antibody and propidium iodide, a fluorescent dye for positive cell staining, confirmed the advantage of Mito-Vit-E over vitamin E on suppressing MPO accumulation (Fig. 7B) . Taken together, our data suggest that MTAs may function as stronger anti-inflammatory reagents in the heart during sepsis.
Mito-Vit-E Provided Cardiac Protection from Sepsis
Echocardiogram analysis has been commonly used to characterize sepsis-related cardiac dysfunction (35, 39, 48) . Using this application, we examined the heart function of rats receiving S. pneumoniae infection, followed by treatment of Mito-Vit-E or control vehicle. As summarized in Fig. 8 , significant Fig. 3 . Mito-Vit-E inhibited oxidation of Mito molecules in the heart during early to severe sepsis. Rats were infected by S. pneumonia or given PBS sham control. 21.5 mol/kg of Mito-Vit-E or vehicle were administered orally 30 min postinoculation (day 0). Mito fractions were isolated from the heart tissue harvested at indicated time points. A: levels of malondialdehyde (MDA) were determined by a lipid peroxidation assay. Results were normalized by amount of Mito protein per reaction. B: protein oxidation was evaluated using an OxyBlot protein oxidation detection assay. Oxidative modified proteins were detected by anti-2,4-dinitrophenyl (DNP) Western blot using Mito marker ANT as a control. By densitometry analysis, levels of DNP signals were normalized by levels of ANT, and results are expressed as fold changes relative to shams. All values are means Ϯ SE; n ϭ 6 per group. Statistical significances: *difference between sham and sepsis subjects, and ¶difference between vehicle-treated and Mito-Vit-E-treated groups (P Ͻ 0.05).
differences between the pre-and postsepsis measurements of left ventricular EDD, ESD, EDV, and ESV were obtained on day 4 postinoculation in vehicle-treated group (Fig. 8 ). Sepsis substantially reduced %FS from 94.492 Ϯ 1.569 to 84.145 Ϯ 0.661% and %EF from 99.674 Ϯ 0.197 to 96.539 Ϯ 4.267% (P Ͻ 0.05). Statistically significant changes were not detectable in rats receiving Mito-Vit-E. In addition, sepsis-caused increase of HR due to compensation of failing contractility was also alleviated by Mito-Vit-E. Taken together, our data indicate that treatment with Mito-Vit-E improves cardiac performance during sepsis.
DISCUSSION
Using a rat pneumonia-related sepsis model, we examined the effects of a MTA, Mito-Vit-E, on sepsis-induced myocardial mitochondrial damage, inflammation, and cardiac dysfunction. We verified the in vivo tissue accumulation of this targeted antioxidant (Fig. 1) . Our results showed that a singledose postinfection administration of Mito-Vit-E provided mitochondria-specific antioxidant defense (Fig. 2) , protected mitochondria from oxidative damage (Fig. 3) , prevented mitochondrial membrane damage (Fig. 4) , and improved mitochondrial respiratory function (Fig. 5) in the heart over time with sepsis. At the same dose, Mito-Vit-E showed stronger antiinflammatory effects than conventional vitamin E, indicated by suppression of cytokine production ( Fig. 6 ) and neutrophil infiltration in myocardium (Fig. 7) . Lastly, treatment with Mito-Vit-E improved cardiac function in septic animals (Fig.  8) . These results provide direct evidence to support the hypothesis that mitochondrial damage contributes to inflamma- Fig. 4 . Mito-Vit-E protected Mito membrane integrity in the heart during early to severe sepsis. Rats were infected by S. pneumonia or given PBS sham control. 21.5 mol/kg of Mito-Vit-E or vehicle were administered orally 30 min postinoculation (day 0). Total heart tissue lysates and cellular fractions were prepared from rats killed at indicated time points. A: cytochrome c levels were determined in cytosol and in total tissue lysates by Western blot using marker protein GAPDH as a control. Sham group is labeled as S. Using densitometry analysis, levels of cytochrome c signals were normalized by the levels of GAPDH, and results are presented as fold changes relative to shams. B: Mito outer membrane damage was measured using the Mito fractions. All values are means Ϯ SE; n ϭ 6 per group. Statistical significances: *difference between sham and sepsis subjects, and ¶difference between vehicle-treated and Mito-Vit-E-treated groups (P Ͻ 0.05). tory responses in the heart during sepsis, and they also suggest MTAs are a potential novel therapeutic intervention for sepsis.
Mitochondrial accumulation of this category of targeted antioxidants has previously been shown in cells and in animal models using electron spin resonance spectroscopy (25) and an antibody against lipophilic TPP ϩ cation, the mitochondrialtargeting moiety (57) . These methods are not established in our laboratory. Instead, we confirmed substantial tissue accumulation of Mito-Vit-E in vivo by mass spectrometry (Fig. 1 ). Because the subcellular fractionation procedures cause mitochondrial depolarization and leak of this category of compounds (68) , this method is not suitable to detect Mito-Vit-E in isolated mitochondrial fractions. Nonetheless, tissue accumulation of Mito-Vit-E measured is consistent with the notion that the targeting mechanism is functional. Additional supporting evidence came from functional studies. Our results showed that, in the heart tissue of septic animals, Mito-Vit-E increased total antioxidant capacity and suppressed H 2 O 2 production in mitochondria (Fig. 2) . On the contrary, the same dose of vitamin E limited its protection, mainly in cytosol. It was not a surprise to find that Mito-Vit-E also blocked cytosolic H 2 O 2 , since it is known that part of mitochondrial generated superoxide anion diffuses toward intermembrane space and contributes to the formation of H 2 O 2 in cytosol (34) . In fact, this observation is consistent with previous reports from others and ours that scavenging mtROS with MTAs decreases cellular ROS levels (25, 76) . The similar inhibitory effects of Mito-Vit-E and vitamin E on cytosolic H 2 O 2 suggest that mitochondria are a dominant source of cellular H 2 O 2 in the heart during sepsis. As expected, administration of Mito-Vit-E in septic rats provided sufficient protection on mitochondrial structure and function in the heart (Figs. 3-5 ). Whether or not Mito-Vit-E has any effects on mitochondrial biogenesis, such as the expression and formation of mitochondrial respiratory complexes, remains to be determined.
We compared the anti-inflammatory effects of Mito-Vit-E with untargeted vitamin E in the rat sepsis model. As summarized in Figs. 6 and 7, both types of antioxidants exhibited significant anti-inflammatory effects in serum and in heart tissue of septic animals. The results are consistent with previously reported effects of untargeted antioxidants in animal sepsis models (11, 56, 60) and targeted MitoQ in LPS-challenged endothelial cells (45) . We further observed that, at the same dose, Mito-Vit-E provided higher efficacy to reduce cytokine production and to impede neutrophil infiltration in myocardium. This advantage of Mito-Vit-E over vitamin E is likely caused by the fact that vitamin E is distributed globally, and its protection of mitochondria against oxidative damage is less efficient, especially in mitochondria-enriched organs, such as the heart, where mitochondria comprise ϳ30% of myocardial volume (38) . Recent discoveries have revealed that regulation of inflammatory responses through mitochondria is multifactorial. In innate immunity, mtROS are essential for the activation of inflammasome NLRP3 in macrophages (87) . Mitochondrial matrix protein MAVS is part of the mitoxosome to activate NF-B during antiviral responses (65) . In the plasma from trauma patients, circulating mtDNA fragments released from damaged mitochondria were identified as mitochondria-derived, danger-associated molecular patterns to trigger peripheral inflammation (84, 85) . These mitochondria- involved mechanisms are all related to oxidative stress, since imbalanced mtROS cause mitochondrial structural and functional damage via direct oxidation of mitochondrial molecules (8, 73) . In this case, due to distribution reasons, untargeted antioxidants, such as vitamin E, may not be sufficiently effective to inhibit mtROS-mediated impairment inside mitochondria and, therefore, produce weaker anti-inflammatory effects compared with targeted MTAs. However, whether these mitochondria-mediated inflammation pathways are utilized to induce tissue-level inflammation and the exact mechanisms of MTAs actions on inflammation during sepsis still remain to be elucidated.
The time course study presented in Figs. 3-7 showed that the Mito-Vit-E effects on mitochondrial protection and anti-inflammation were detected immediately following administration and maintained to later time points, days 3 and 4 postinoculation, when its in vivo bioavailability started to decrease (Fig. 1) . This observation suggests that sepsisinduced mtROS and inflammation in myocardium may be linked through a positive feedback-signaling network. In this scenario, in response to septic challenge, mtROS participate in inciting inflammation that further triggers additional increases of mitochondrial damage and mtROS overproduction, leading to downstream exacerbation of inflammatory responses. In fact, myocardial mtROS increase and mitochondrial damage induced through inflammatory mediators have been previously reported using sepsis (58) and nonsepsis models (27) . Thus we hypothesize that suppression of mtROS by MTAs, such as Mito-Vit-E, in early sepsis stage provides a therapeutic potential to control the progression of mitochondrial dysfunction and inflammation in severe sepsis stage. However, we cannot rule out the possi- bility that this prolonged protection by Mito-Vit-E is a yet-unknown, drug-specific effect. Investigation using different type(s) of MTAs, such as MTA peptides (86) , in sepsis models is needed to further test this hypothesis.
Using echocardiography, a clinically relevant measurement, we have demonstrated that treatment with Mito-Vit-E improves cardiac function during sepsis. Compared with the vehicle-treated sepsis group, Mito-Vit-E lessened sepsisassociated changes of echocardiographic measurements, such as EDD, ESD, EDV, and ESV ( Fig. 8 ). Mito-Vit-E's improvement of cardiac contractility in the septic animals is shown by the increase of %FS and %EF. The %FS values presented here appeared high compared with most of the values reported in the literature. This discrepancy may be due to the fact that we used unsedated animals. Our laboratory previously found that restraining and performing the echocardiography on awake animals provided a more accurate assessment of left ventricular function, because light anesthesia is a potent negative inotrope (62) . In fact, our present findings with baseline FS ranging from 90 -95% were within the range of our laboratory's previously reported echocardiography performed on awake athymic nude rats (with FS 85-90%) (62), given the difference in rat strains (Sprague-Dawley vs. athymic nude). Unlike its substantial improvement on %FS, Mito-Vit-E provided a modest, yet significant, correction on sepsis-mediated increase of HR. Because HR is affected by a wide range of noncardiomyocyte factors, such as sympathetic and parasympathetic tone (37) , the timing and severity of sepsis (1, 35, 49) , types of fluid resuscitation (82) , and levels of circulating hormonal substances (40), Mito-Vit-E as the only drug administered may have limited control over the combina-tion. Nevertheless, our data of Mito-Vit-E effects on %FS and %EF indicate that Mito-Vit-E improves myocardial contractility in sepsis. This finding is consistent with a previously reported MitoQ application in an endotoxininduced sepsis model, as MitoQ was shown to rescue cardiac function estimated by in vitro Langendorff technique (69) .
In conclusion, our study of Mito-Vit-E in the rat pneumoniarelated sepsis model suggests that mtROS are causative factors that induce myocardial inflammation and cardiac dysfunction in sepsis, and targeting mtROS by MTAs presents a novel potential to control sepsis-mediated organ dysfunction. We speculate that, with further progress of preclinical studies to assess MTA effects on vital organ functions and survival, to determine their optimal doses and administrative routes, these new antioxidants will potentially become an effective therapeutic approach to control sepsis clinically. 
